Background-The presence of the tumor-suppressor gene p53 in advanced atherosclerotic plaques and the sensitivity to p53-induced cell death of smooth muscle cells isolated from these plaques have fueled speculation about the role of p53 in lesion destabilization and plaque rupture. In this study, we describe a strategy to promote (thrombotic) rupture of preexisting atherosclerotic lesions using p53-induced lesion remodeling. Methods and Results-Carotid atherogenesis was initiated in apolipoprotein E knockout mice by placement of a perivascular silastic collar. The resulting plaques were incubated transluminally with recombinant adenovirus carrying either a p53 or ␤-galactosidase (lacZ) transgene. p53 transfection was restricted to the smooth muscle cell-rich cap of the plaque and led to an increase in cap cell apoptosis 1 day after transfer. p53 overexpression resulted in a marked decrease in the cellular and extracellular content of the cap, reflected by a markedly reduced cap/intima ratio (0.21Ϯ0.04 versus 0.46Ϯ0.03, PϽ0.001). The latter is a characteristic feature of plaque vulnerability to rupture, and whereas spontaneous rupture of p53-treated lesions was rare, it was found in 40% of cases after treatment with the vasopressor compound phenylephrine (Pϭ0.003). Conclusions-We have demonstrated a potential role of p53-induced remodeling in atherosclerotic plaque destabilization.
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The tumor-suppressor protein p53 is involved in both cell proliferation and apoptosis and upregulated by various inducers of cellular stress known to be present in an atheromatous setting, including DNA damage, nitrogen oxide, hypoxia, oxidative stress, and oxidized lipoproteins. 13 p53 expression is increased in human atherosclerotic lesions, both in lipid-laden macrophages and vascular smooth muscle cells. 9, 10 Interestingly, vascular smooth muscle cells (VSMCs) isolated from atherosclerotic plaques are more susceptible to p53-mediated apoptosis than normal VSMCs. 14, 15 Guevara et al 16 have demonstrated that atherosclerosis is aggravated in p53/apolipoprotein E (ApoE) double-knockout (p53 Ϫ/Ϫ /ApoE Ϫ/Ϫ ) mice through an increase in p53-controlled proliferation. Moreover, we have shown that ApoE*3-Leiden transgenic mice suffer from accelerated atherosclerosis after bone marrow reconstitution with p53 Ϫ/Ϫ bone marrow, which is believed to result from enhanced intimal accumulation of macrophages. 17 To study the effect of p53-mediated apoptosis in preexisting atherosclerosis, we transfected collar-induced 18 carotid lesions in ApoE Ϫ/Ϫ mice with adenovirus carrying a p53 transgene. One day after transfection, we analyzed these plaques for transgene expression and markers of apoptosis and proliferation. After 2 weeks, we assessed lesion stability by analyzing plaque composition and by inducing plaque stress in vivo through systemic administration of phenylephrine.
Methods

Recombinant Adenoviruses
To generate the replication-defective adenovirus vector Ad5-CMV.p53, the coding region of the human p53 cDNA was polymerase chain reaction amplified from plasmid pCMV-p53 19 and inserted in the adapter plasmid pCA13 (Microbix Biosystems Inc). The clone pCA13/p53 was cotransfected with plasmid pJM17 20 (a gift from Dr Frank Graham, Hamilton, Canada) into 911 helper cells. Homologous recombination generates the E 1 -deleted adenovirus vector Ad5-CMV.p53. The vector was plaque purified, propagated on PER.C6 cells, and quantified according to our standard protocols. 21 All batches were tested for the presence of replication-competent adenoviruses with polymerase chain reaction. 22 An analogous method was used to generate a replication-defective adenovirus vector Ad5-CMV.lacZ expressing ␤-galactosidase.
Carotid Collar Placement and Adenovirus Injection
Carotid atherosclerotic lesions were induced by perivascular collar placement in female ApoE Ϫ/Ϫ mice aged 10 to 12 weeks, as described previously. 18 The mice were obtained from TNO-PG (Leiden, The Netherlands), and all animal work was approved by the regulatory authority of Leiden University and carried out in compliance with Dutch government guidelines. Three weeks after surgery, the collars were removed and 10 L of adenoviral suspension at 1.5ϫ10 10 pfu/mL was instilled bilaterally (1 side with Ad5-CMV.p53, the contralateral side with Ad5-CMV.lacZ) into the common carotid artery via the external carotid ( Figure 1A) . The suspension was left in situ for 10 minutes after temporary ligation of the proximal common carotid artery and the internal carotid artery, and subsequently drawn off before ligation of the external carotid and closure of the skin wound with silk sutures. In total, 54 animals were used in this study, of which 5 did not recover from the anesthetic; the remainder were sacrificed 1 (nϭ7), 4 (nϭ6), or 14 days (nϭ16) after transfection. In a separate experiment, phenylephrine (8 g/kg IV, Sigma Diagnostics) was administered to 20 animals 14 days after bilateral intravascular adenovirus incubation, and the effects on plaque integrity were assessed after 24 hours.
Tissue Harvesting and Preparation for Histological Analysis
Transverse 5-m cryosections were prepared from carotid artery specimens, as described previously, 18 and routinely stained with hematoxylin (Sigma Diagnostics) and eosin (Merck Diagnostica), Masson's trichrome (Accustain kit, Sigma), and picrosirius red (Direct red 80, Sigma). ␤-Galactosidase was demonstrated by incubation with x-gal (1 mg/mL, Eurogentec) at 37°C for 4 hours. Slides were stained with antibodies against recombinant human p53 (FL-393, rabbit polyclonal IgG, Santa Cruz Biotechnology, Santa 
Quantification of Apoptosis
Apoptosis was assessed by terminal deoxynucleotidyl transferase end-labeling (TUNEL). 6, 23 Only TUNEL-positive nuclei were included that displayed morphological features of apoptosis, including cell shrinkage, aggregation of chromatin into dense masses, and nuclear fragmentation.
Morphometry
The point of maximal stenosis of each vessel was determined by analysis of sections at 50-m intervals. At this point (on average Ϸ0.5 mm proximal to the collar), morphometry was performed using LeicaQwin software (Leica Imaging Systems). The intimal surface area was calculated by subtracting the free lumen area from the area circumscribed by the internal elastic lamina. The intima was subdivided into a fibrocellular cap and a necrotic core on the basis of extracellular matrix staining by HE, which was confirmed by staining for collagen by picrosirius red and Masson's trichrome. Actin-positive and MOMA-2-positive areas were determined by computer-assisted color-gated measurement and related to the total intimal surface area (LeicaQwin). Intimal cell numbers were assessed by counting the nuclei in a 5-m section after H&E staining.
Statistical Analysis
Values are expressed as meanϮSEM. A 2-tailed Student's t test was used in the comparison of continuous data, which was used in a nonpaired form when comparing different animals and paired when comparing contralateral values in the same animal. Frequency data analysis was carried out by means of the Fisher's exact test. A level of PϽ0.05 was considered significant.
Results
Adenoviral Expression Pattern
Adenoviral activity was confirmed by intravenous injection of both constructs (2ϫ10 9 pfu/mouse) in control animals, which resulted in the expression of lacZ and p53 in Ϸ50% of hepatocytes 5 days after injection (data not shown). To establish the efficiency and distribution of vascular transduction, initial studies were performed with Ad5-CMV.lacZ. The pattern of ␤-galactosidase activity 4 days after transfection differed markedly, depending on the site examined. The area opposite the external carotid artery, in which the endothelium had been denuded by the instillation catheter, showed extensive transduction of the media ( Figure 1B ). Efficient transduction of the endothelium and a superficial layer of ␣-smooth muscle actin-positive cells was observed in the fibrous cap of the collar-induced plaque ( Figures 1C, 1D , and 2A). The percentage of positive plaque cells increased from 3.6Ϯ2.8% (nϭ6) 1 day after transfection to 18.4Ϯ10.6% (nϭ3) 4 days after transfection. After Ad5-CMV.p53 transfection, immunohistochemical staining for p53 was minimal and only present in the lesion core by 4 days (nϭ6), but a substantial number of p53-positive cells were identified in the intima 1 day after transfection (1.3Ϯ0.6%, nϭ7), of which 60% were located in the fibrous cap ( Figure 2C ). No expression of p53 was seen at either time point in Ad5-CMV.lacZ-treated plaques, and although the antibody used cross-reacts with murine p53, this clear difference in staining intensity implies expression of the transgene rather than aspecific effects of Ad5-CMV.p53 transduction. Intracarotid adenovirus instillation did not affect normal functioning of the animals and did not result in a change in weight (20.9Ϯ1.9 versus 21.3Ϯ0.9 g in controls) or serum cholesterol (31.4Ϯ0.6 versus 33.1Ϯ1.1 mmol/L) at the time of harvest. Administration of adenovirus at the titer used in this study was not found to result in local cytopathic effects.
Proliferation and Apoptosis
PCNA staining was reduced from 12.7Ϯ2.9% (nϭ3) of cap cells in Ad5-CMV.lacZ to 7.1Ϯ2.1% (nϭ3) in Ad5-CMV.p53-treated animals 1 day after transfection (Pϭ0.19, Figure 2E ). In the Ad5-CMV.lacZ-treated vessels, 0.7Ϯ0.3% 
Morphometry
Total cross-sectional plaque area did not differ between treatment groups (Pϭ0.63, Figure 3A ), being 57.3Ϯ7.7ϫ10 3 m 2 in the Ad5-CMV.lacZ-treated vessels and 68.9Ϯ21.3ϫ10 3 m 2 in Ad5-CMV.p53-treated plaques. The plaques of both groups consisted of a distinctive fibrous cap overlying a hypocellular core ( Figures 4A, 4D, 4G, and 4H ). Whereas the core area in Ad5-CMV.p53-treated animals was increased compared with the Ad5-CMV.lacZ control group (54.1Ϯ16.6ϫ10 3 m 2 versus 32.0Ϯ5.5ϫ10 3 m 2 , Pϭ0.25), the cap area was decreased by Ad5-CMV.p53 treatment (14.7Ϯ5.4ϫ10 3 m 2 versus 25.3Ϯ2.3ϫ10 3 m 2 , Pϭ0.11). This effect was seen to translate to a highly significant decrease in the cap/intima ratio in Ad5-CMV.p53-treated arteries (0.21Ϯ0.04 versus 0.46Ϯ0.03, PϽ0.001; Figure 3B ), which was mirrored by a decrease in the cap/core ratio (0.28Ϯ0.13 versus 0.86Ϯ0.24, PϽ0.01). The decrease in fibrocellular cap surface detected with H&E staining was confirmed as a decrease in collagen-rich matrix by Masson's trichrome ( Figures 4A, 4D , 4G, and 4H) and picrosirius red ( Figures 4C and 4F) . The average number of nuclei contained within each 5 m section of the cap was decreased from 208Ϯ28 to 103Ϯ26 by Ad5-CMV.p53 treatment ( Figure 3C ; Pϭ0.03), but the number of nuclei per cap surface area remained unchanged ( Figure 3D ). None of the morphometric parameters differed between the Ad5-CMV.lacZ-treated vessels and un-treated controls (eg, cap/intima ratio: 0.46Ϯ0.03 versus 0.41Ϯ0.13, respectively; Pϭ0.53).
Immunohistochemistry
Intimal MOMA-2 staining was unaffected by Ad5-CMV.p53 (16.0Ϯ7.2% versus 5.8Ϯ1.9%, Pϭ0.30). Staining for ␣-smooth muscle actin was confined to the media and the fibrous cap in both groups (Figure 4) . A paradoxical increase in actin staining was seen in the Ad5-CMV.p53-treated cap ( Figures 4B and 4E) , which led to a nonsignificantly increased (Pϭ0.36) ␣-smooth muscle actin/cap ratio (6.8Ϯ2.6% versus 1.4Ϯ0.5%). One day after transfection, the endothelium overlying the plaque was positive for intracellular adhesion molecule-1 and vascular cell adhesion molecule-1 in both groups, confirming the integrity of the endothelial lining, but staining intensity was not seen to differ (data not shown).
Induction of Plaque Rupture
The vulnerability of Ad5-CMV.p53-treated plaques to spontaneous rupture was suggested by the occurrence of cap breaks in three of a total of 16 animals in three separate experiments 14 days after transfection, which was accompanied by partial extrusion of the core contents in all cases. Extensive thrombosis, intraplaque hemorrhage, and phagocytosis of erythrocytes by macrophages accompanied cap rupture in one animal ( Figure 4I ). Plaque integrity was maintained in all of the Ad5-CMV.lacZ-treated vessels. To study the liability of plaques to rupture after a hemodynamic challenge, we systemically administered the vasopressor compound phenylephrine (8 g/kg IV) to 20 animals 14 days after transfection, the collar-induced plaques of which had been treated on one side with Ad5-CMV.p53 and on the contralateral side with Ad5-CMV.lacZ. This was found to result in a moderate and transient rise in systolic blood pressure (15.0Ϯ1.4 mm Hg, as recorded by tail-cuff manometry), which was sustained for at least 15 minutes. To permit the development of possible rupture-related thrombosis, euthanasia was delayed for 24 hours after phenylephrine injection. Intraoperative examination of the plaques before PBS perfusion (ie, with an intact circulation) revealed evidence of von der Thüsen et al p53-Induced Plaque Rupture intra-plaque hemorrhage in 5, thrombosis in 1, and cap break without intra-plaque hemorrhage in 1 of the p53-treated vessels. No such events were found in the lacZ control vessels. These findings were confirmed by histological analysis of the collar-induced plaques, which revealed evidence of plaque rupture in these 7 animals, and in one additional plaque out of 20 Ad5-CMV.p53-treated vessels. This was accompanied by intracarotid thrombosis in 1 case ( Figure 4J ) and by intraplaque hemorrhage in 7 vessels (Table) . Because we did not find evidence of plaque rupture or its sequelae in the Ad5-CMV.lacZ-treated control plaques (nϭ20), the number of events in the Ad5-CMV.p53-treated group was highly significant (Fisher's exact test, Pϭ0.003).
Discussion
In this study, Ad5-CMV.p53-treated plaques were seen to acquire a phenotype that has been associated with increased vulnerability to rupture. 24 Spontaneous rupture of these predisposed lesions was rare, but administration of a vasopressor compound resulted in evidence of plaque disruption in 40% of the Ad5-CMV.p53-treated vessels. We consider the overexpression of p53 in the cap to be instrumental in inducing this plaque destabilization. The number of p53-expressing cells was indeed raised in the cap after Ad5-CMV.p53 transfection, but expression levels of this transgene were lower than those found with ␤-galactosidase. This difference may be related to the discrepancy in intracellular half-life of ␤-galactosidase and wild-type p53, which have been estimated to be at least 1 to 2 days 25 and only Ϸ10 minutes, 26 respectively. Intravenous injection of the vectors used in this study, however, revealed equipotent hepatocyte transduction rates. Untransformed hepatocytes are known to be relatively resistant to p53-induced apoptosis, 27 in stark contrast to plaque-derived smooth muscle cells, which display increased rates of spontaneous apoptosis 14 and high susceptibility to p53-mediated apoptosis. 14, 15 In the vessel wall, high levels of p53 expression may therefore lead to rapid clearance of transduced cells and consequently to a possible underestimation of transduction efficiency. Apoptosis of these cells and their subsequent phagocytosis by surrounding macrophages and smooth muscle cells are both known to be extremely rapid processes, lasting Ϸ2 to 4 hours. 3, 14, 15, 28, 29 This is supported by the fact that staining for p53 was seen in plaques 1 day after Ad5-CMV.p53 transfection, whereas staining was minimal on day 4. Although p53-mediated apoptosis is considered to contribute to the observed 50% reduction in plaque cell number, an important role may also be attributed to a concomitant decrease in cellular proliferation.
The reduction in cell number is believed to be primarily responsible for the development of the destabilized cap phenotype through a proportional decrease in collagen production by cap VSMCs. In addition, p53 may exert a destabilizing effect by selectively eliminating synthetic VSMCs or promoting smooth muscle cell differentiation 10, 30 and thus inducing the transition of cap smooth muscle cells from a synthetic to a contractile phenotype. Both processes may cause the observed tendency toward a relative increase in ␣-smooth muscle cell actin staining after Ad5-CMV.p53 treatment, because this suggests a selective elimination of ␣-smooth muscle cell actin-negative VSMCs or a net increase in (re)differentiated VSMCs.
The findings of this study may be considered to contradict previous work, in which p53 deficiency was seen to lead to an acceleration of atherosclerosis. 16, 17 Apoptosis has indeed been implicated in atherosclerotic plaque remodeling, and the induction of macrophage apoptosis may constitute an intriguing approach to atherosclerosis prevention or regression. 12 The apparent lack of such a modulation of lesion size and macrophage content in this study does not refute this hypothesis but is likely to be attributable to the restriction of p53 expression to the superficial, smooth muscle cell-rich areas of the plaque and the relative lack of macrophage transduction in our model.
In summary, we have provided evidence for a potential role of p53-mediated effects in the destabilization and rupture of atherosclerotic plaques. Plaque rupture and subsequent thrombotic vascular occlusion are the most deleterious sequelae of atherosclerosis, underlying most fatal myocardial infarctions and thromboembolic strokes. A satisfactory animal model for this disease entity has not been available to date. Spontaneous plaque rupture has previously been ob-served in atherosclerosis-prone mouse strains. 31, 32 In our model, however, rupture occurs more frequently and in a controlled fashion, allowing the delineation of the molecular pathways involved and the evaluation of therapies aimed at plaque stabilization and the prevention of acute cardiovascular events.
Incidence of Histological Evidence of Plaque Rupture
ϪPhenylephrine ϩPhenylephrine Incidence of histological evidence of spontaneous and phenylephrine-induced plaque rupture in Ad5-CMV.lacZ-and Ad5-CMV.p53-treated, collarinduced lesions 14 days after adenovirus instillation. Frequency data were compared by means of the Fisher's exact test.
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